Prior work by others has shown that insertion of (i.e., leader) sequences from the Moloney murine leukemia virus (MLV) genome into the 3 untranslated region of a nonviral mRNA leads to the specific encapsidation of this RNA in MLV particles. We now report that these RNAs are, like genomic RNAs, encapsidated as dimers. These dimers have the same thermostability as MLV genomic RNA dimers; like them, these dimers are more stable if isolated from mature virions than from immature virions. We characterized encapsidated mRNAs containing deletions or truncations of MLV or with sequences from MLV-related acute transforming viruses. The results indicate that the dimeric linkage in genomic RNA can be completely attributed to the region of the genome. While this conclusion agrees with earlier electron microscopic studies on mature MLV dimers, it is the first evidence as to the site of the linkage in immature dimers for any retrovirus. Since the ⌿ ؉ mRNA is not encapsidated as well as genomic RNA, it is only present in a minority of virions. The fact that it is nevertheless dimeric argues strongly that two of these molecules are packaged into particles together. We also found that the kissing loop is unnecessary for this coencapsidation or for the stability of mature dimers but makes a major contribution to the stability of immature dimers. Our results are consistent with the hypothesis that the packaging signal involves a dimeric structure in which the RNAs are joined by intermolecular interactions between GACG loops.
Retroviral proteins package their genomic RNAs with very high selectivity. This selectivity results from the recognition by the viral Gag protein of cis-acting packaging signals (generically called ) in the viral RNA. While this recognition event is far from understood in molecular terms, all available evidence indicates that the major elements in signals are located near the 5Ј end of the genomic RNA (10) .
In all normal retrovirus particles, the genomic RNA is in dimeric form (10) . It consists of two identical, positive-strand monomers, joined together by a thermolabile linkage. The linkage presumably consists of a limited number of base pairs. After the assembled virion is released from the cell, the viral protease (PR) is activated and cleaves the viral proteins into a series of smaller proteins (62) . This set of cleavages, termed maturation of the particle, convert the particle into infectious form. The cleaved proteins in turn cause a change in the conformation of the dimeric RNA in the particle, frequently resulting in a more stable dimeric linkage than that present in immature virions (24, 26, 61) The change in conformation of the RNA has been called maturation of the dimers. It seems likely that dimer maturation is due to the action of the nucleocapsid (NC) protein on the RNA: this protein is known to possess nucleic acid chaperone activity (the ability to catalyze the conformational rearrangement of nucleic acids into the structure with the maximum number of base pairs), and is tightly associated with the genomic RNA in the mature virion (15, 20, 45, 55, 60) .
Neither the location nor the structure of the linkage between the two monomers is known with precision. Many years ago, electron micrographs of partially denatured RNA extracted from mature retrovirus particles showed that the most stable linkage is near, but not at, the 5Ј end of the genome (7, 8, 31, 37, 47) . This region has therefore been termed the dimer linkage site (DLS). In contrast, however, there is no information in the literature on the site of the linkage in immature dimers.
More recently, it was found that transcripts of the 5Ј region of retroviral genomes could dimerize spontaneously in vitro under conditions of high ionic strength (11, 14, 51, 57) . A conserved sequence feature of this region is the presence of a stem-loop with a palindromic four-or six-base sequence in the loop. This motif has been termed the kissing loop (10) . One obvious possible mechanism for dimer formation would be base-pairing between the loops of two monomers, and convincing evidence has been marshaled that this occurs during dimerization of transcripts in vitro. Furthermore, examination of the sequence of a kissing loop shows that it could assume two alternative dimeric conformations, one more stable than the other: in the less stable conformation (the kissing complex), only the palindromic loops would pair with each other. In the more stable structure, the bases comprising the stems in the kissing loop structure would come apart and form an extended dimer, in which bases in both the stems and the loops are paired intermolecularly. Thus, sequences present in retroviral DLS regions suggest a model not only for the structure of the dimer, but even for the existence of two forms of dimer, one with a more stable linkage than the other. Indeed, experimental systems have been devised demonstrating that the transcripts can form two alternative species of dimer, and the viral NC protein has been shown to be capable of converting the more labile species into the more stable species (20, 45, 56) .
Transcripts offer appealing, tractable model systems for experimental analysis and have proven to be a fruitful source of new concepts about viral RNAs. However, the validity of these concepts can ultimately be assessed only by studies of authentic RNAs obtained from virus particles. In the present work, we used a genetic approach for the identification of RNA sequences involved in the immature and mature dimeric linkages in retroviral RNAs. With an experimental strategy pioneered by Adam and Miller (1) , we placed viral sequences from the /DLS regions of Moloney murine leukemia virus (MLV) and related viruses into the 3Ј untranslated region (UTR) of a nonviral mRNA. We then expressed these mRNAs, along with MLV genomes, in mammalian cells. Under these conditions, the signal in the mRNA is recognized by the MLV proteins, and the mRNA is packaged into virions.
The principal focus of our experiments has been the analysis of the state of these mRNAs within virions. We find that the mRNAs are packaged as dimers; in general, the dimers of these mRNAs exhibit the same thermostabilities as the dimers of the parental genomic RNAs. Therefore, the dimeric linkage in viral RNAs can indeed be attributed to the sequences that we inserted. This is the first direct experimental evidence that the linkage in immature dimers, like that in mature dimers, is in the /DLS region of retroviral genomes.
In addition, the insertion of DLS sequences into a nonviral, reporter mRNA enabled us to begin to explore the relationship between dimerization and packaging and to dissect the sequences involved in immature and mature dimeric linkages. We quantitated RNA copy numbers by real-time reverse transcription-PCR and found that mRNA with an insert of viral sequence is packaged far less efficiently than the full-length, parental genomic RNA. The dimeric character of these packaged mRNA molecules provides strong support for the hypothesis that they are incorporated into virions in pairs, perhaps as a preformed immature dimer. However, we also analyzed mRNAs in which the kissing loop structure has been destroyed. These RNAs do not form the normal immature dimeric linkage but are nevertheless incorporated in pairs. One hypothesis that is consistent with these results is that assembly is normally initiated by the binding of Gag protein molecules to a very labile "preimmature" dimer. The possible structure of this hypothetical dimer is discussed.
MATERIALS AND METHODS
Plasmid constructs. The helper virus constructs used in these experiments include the wild-type MLV plasmid pRR88 (28) ; the D32L mutant (at the active site of MLV PR) of pRR88 (26) ; Ϫ MLV, which is derived from pPAM3 (41) between the 5Ј end and the XhoI site at nucleotide 1560, with the remainder from pRR88 (46) ; and Ϫ PR Ϫ , which was constructed by replacing the region of the Ϫ construct that was derived from pRR88 with the corresponding region from the D32L PR Ϫ mutant (46) . The Ϫ constructs contain a deletion between nucleotides 212 and 563. In all of these constructs, the plasmid backbone is that of pGCcos3neo, a derivative of pSV2neo (59) .
Our studies used a number of plasmids encoding hygromycin phosphotransferase (hph) mRNA with variations in the viral sequences inserted in the 3Ј UTR. The plasmids used here are listed in Fig. 1 . Inserts all contained the correct viral sequence. In all of these plasmids, hph mRNA is driven by the cytomegalovirus immediate-early promoter. Two of these constructs have also been described before, pCMVhygMo and pCMVhyg (54) . pCMVhygMo is designated hph (Ϫ151)-1560 and pCMVhyg is termed hph no in the present work. hphHaSV contains nucleotides Ϫ151 to 942 of Harvey sarcoma virus (HaSV) in its 3ЈUTR and was constructed from a plasmid originally obtained from D. Lowy (National Cancer Institute) (65) . hph (Ϫ151)-725 is a truncation of the (Ϫ151)-1560 insert, made by digestion with BstEII followed by blunt-end filling and religation.
Other hph plasmids were constructed by PCR synthesis of a viral insert by using primers with an XbaI site at the 5Ј end and an XhoI site at the 3Ј end and replacement of the viral insert in hph (Ϫ151)-1560 with the new product. The following hph plasmids were made by PCR with the 5Ј-oligonucleotide primer (5ЈGCTCTAGACCAGCAACTTATCTG): hph 215-1006, hph 215-739, hph 215-507, hph 215-507⌬16, hph 215-404, and hph MSV. Plasmids hph 280-739 and hph 280-404 were made with the 5Ј primer 5ЈGCTCTAGAGTACTAGTTA GCTAAC. Plasmids hph 215-1006 and hph MSV were made with the 3Ј primer 5ЈCGATCTCGAGGATCGAGGCG. Plasmids hph 215-739 and hph 280-739 were made with the 3Ј primer 5ЈCGATCTCGAGCAGAAGGTAAC. Plasmids hph 215-507 and hph 215-507⌬16 were made with the 3Ј primer 5ЈCG ATCTCGAGGCGGGAACTG. Plasmids hph 215-404 and 280-404 were made with the 3Ј primer 5ЈCGATCTCGAGGTCGGGCCAC.
The template for these PCRs was hph (Ϫ151)-1560 except that the hph plasmid containing the murine sarcoma virus (MSV)-MLV chimeric insert (designated hph MSV) was constructed by PCR with the same primers as for hph 215-1006 but with the p ϩ (1) plasmid as a template for the synthesis of the viral insert. The p ϩ plasmid contains nucleotides 215 to 541 from MSV 124 and nucleotides 566 to 1038 from MLV, but the 3Ј end of the insert that we placed in hph MSV is at nucleotide 1006. In one plasmid, hph 215-507⌬16, nucleotides 290 to 305 were fortuitously deleted during the PCR. We also analyzed RNA of pLXSH (42) To analyze the state of hph mRNA within virions, we transfected hygromycinresistant cells with one of the helper constructs described above, using the calcium phosphate method with 10 g of DNA on 100-mm plates seeded 1 day earlier with 10 6 cells. Controls included mock transfections, in which the cells were transfected with pGCcos3neo DNA, which does not encode viral proteins. The cells were washed after overnight exposure to the DNA, and culture fluids were collected 24, 48, and 72 h after the wash.
Virus preparation and RNA isolation. Culture fluids were filtered through 0.45-m filters (Nalge), and virions were then collected by centrifugation through a 20% sucrose cushion as described (46) . Pellets were resuspended in lysis buffer (50 mM Tris-HCl [pH 7.4], 10 mM EDTA, 1% sodium dodecyl sulfate, 100 mM NaCl, and 100 g of proteinase K per ml). Lysis was at 37°C for 30 min, followed by phenol-chloroform extraction and ethanol precipitation with 0.3 M sodium acetate (pH 5.2) with 0.02% linear acrylamide as the carrier.
In experiments measuring packaging efficiency, cellular RNA was isolated as follows: 10-cm plates were gently washed with 4 ml of phosphate-buffered saline. Cells were lysed directly in the plate with 7 ml of Trizol reagent (Invitrogen). The Trizol mix was transferred to a tube and incubated 5 min at 25°C; 0.2 ml of chloroform per ml of Trizol was added, shaken for 15 s, incubated for 2 min at 25°C, and then centrifuged for 15 min at 4°C. The aqueous phase was then transferred to a fresh tube, and the RNA was precipitated by isopropanol. Amounts of cellular RNA were determined by measuring absorbance at 260 nm.
Northern blotting. Nondenaturing Northern blot analysis was performed as previously described (26, 33) . RNA riboprobes were synthesized by transcription with either T7 or T3 RNA polymerase (Promega), in accord with the manufacturer's instructions, with [␣-32 P]CTP (Amersham). An MLV-specific riboprobe template complementary to the MLV pol gene was made by BglII digestion of plasmid pMXH (22) . An MLV riboprobe template was made by XbaI digestion of plasmid hph 215-739. An hph-specific riboprobe template was made by HindIII digestion of hph(no ). An HaSV-specific riboprobe template, complementary to the v-ras H gene, was made by XbaI digestion of a Bluescript (Stratagene)-based plasmid containing the insert of pBS9 (19) .
Dissociation of dimeric RNAs. RNA pellets were resuspended in R buffer (26) . RNA was incubated at various temperatures for 8 min. One-tenth volume of 10X RNA gel loading dye (26) was then added to each RNA sample, and the sample was loaded directly onto the agarose gel. Percent dimerization was determined by phosphorimaging or densitometry analysis of these native Northern blots. (These two methods of quantitation were compared on several samples and found to give virtually identical results.) Dimeric RNA was defined as the radioactivity in the lane from the top of the lane until just above the dissociated monomeric RNA band. The dissociated monomeric RNA was defined as the clear monomeric band as well as any significant radioactivity below this position. The percent dissociation was determined for each lane as the amount of monomeric RNA/(monomeric plus dimeric) RNAs. The value of this fraction at the highest temperature used was then set to 100% despite the persistence of some radioactivity in the dimeric region of the blot. The T m is the temperature at which the percent dissociation was 50%. In all graphs of dissociation (except bar graphs), all of the results were obtained in the same experiment. In contrast, bar graphs show the means of the T m s obtained in multiple experiments, with error bars indicating the standard deviations.
Real-time reverse transcription-PCR. Copies of MLV genomic RNA and hph mRNA were enumerated by real-time reverse transcription-PCR with the ABI 7700 instrument (Applied Biosystems). After digestion with RNase-free DNase (Promega), the RNA was treated with 2.7 M guanidinium isothiocyanate and precipitated with ethanol in the presence of linear polyacrylamide. The precipitate was redissolved in water containing 1 mM dithiothreitol (Promega) and 0.7 U of RNase Out (Invitrogen)/l. RNAs used in the construction of the standard curves were, for MLV RNA, a 5-kb transcript of pMXH DNA (22) , and for hph RNA, a 0.5-kb transcript that was generated from a T7 promoter-containing PCR product with an hph-specific primer set (25) . The RNA concentrations in these standards were measured by their absorbance at 260 nm.
Tenfold serial dilutions of the RNAs were first copied into DNA in 30 l containing 5 mM MgCl 2 , 0.05 mM of each deoxynucleoside triphosphate, 1 mM dithiothreitol, 0.15 g of random primers (Promega), 1ϫ PCR buffer II (Invitrogen), 20 U of RNase Out (Invitrogen), and 20 U of Superscript II reverse transcriptase (Invitrogen). These reactions were performed for 15 min at 25°C, 40 min at 42°C, and 10 min at 85°C; 30 l of Taqman PCR 2ϫ Universal Master Mix (Applied Biosystems), containing 600 nM each of the forward and reverse primers and 100 nM Taqman probe, was then added to each tube, and the tubes were heated for 10 min at 95°C and then exposed to 45 cycles of 15 s at 95°C and 1 min at 60°C. Control reactions containing buffer without reverse transcriptase were run for each sample; these controls gave values significantly lower than 8 ϫ 10 2 copies (the lowest value used in constructing the standard curve) for either hph or MLV RNAs.
The MLV-specific primers were 5ЈAGGAAAGCGGTATCGCTGGAC (forward primer, nucleotides 2399 to 2419) and 5ЈGAGTGGGTGACCTTACCGGT (reverse primer, complementary to nucleotides 2464 to 2445) and the probe, modified at its 5Ј end with 6-carboxy fluorescein (FAM) and at its 3Ј end with 6-carboxy-N,N,NЈ,NЈ-tetramethylrhodamine (TAMRA), was 5ЈACGGATCGC AAAGTACATCTAGC (nucleotides 2421 to 2443). hph RNA was quantitated as described (25) . Measurements were also made with a primer-probe set detecting MLV ⌿ sequences: forward primer, 5ЈTCCAATAAACCCTCTTGCAG, nucleotides 44 to 63; reverse primer, 5ЈAGGAGACCCTCCCAAGGAAC, complementary to nucleotides 107 to 88; probe, modified as above, 5ЈTTGCATCC GACTTGTGGTCTCGC (nucleotides 64 to 86). This reagent set detects hph RNAs containing ⌿ sequences as well as MLV RNA and gave results nearly identical, within a factor of 2, to the larger of the two results, hph specific and MLV specific, when used with samples containing both hph RNA and MLV.
Immunoblotting. Quantities of virions in virus preparations were compared by immunoblotting analysis with rabbit anticapsid (CA) antiserum. Relative amounts of virus in different preparations were determined by comparison with a standard curve, generated from serial dilutions of a single virus preparation in the same immunoblotting experiment. RNA copy numbers were corrected by these small (Ͻ2-fold) differences in the levels of virus in different preparations produced in parallel.
RNA folding. Sequences were entered into Zuker's mFold program (67) with no constraints. The sequences for the dimeric structures were entered as duplicate sequences joined by approximately 75 N (or A) residues.
RESULTS

Packaging of hph mRNAs in virions.
Previous work has analyzed the effects on packaging of insertion of sequences from the 5Ј region of a retroviral genome into the 3ЈUTR of a nonviral mRNA. It was found (1, 2, 54) that mRNAs with these insertions are encapsidated into virions formed by the homologous retroviral Gag protein. The primary purpose of the experiments presented here was to determine the state of these RNAs within the virions. In all of these experiments (except that in Fig. 2D ), 293T cells were first stably transfected with a plasmid expressing hph mRNA that contains an insert derived from MLV or a related virus (shown in Fig. 1 ). After the stably transfected cells were isolated by selection with hygromycin, they were transiently transfected with an MLV-derived proviral clone encoding wild-type MLV Gag, and virus was collected and analyzed.
We began these studies by determining the level of packaging of the RNAs in MLV particles, using real-time reverse transcription-PCR. hph mRNAs containing substantial stretches of MLV-derived sequence were packaged by Ϫ MLV. Virions were collected and quantitated by immunoblotting, so that equal amounts of virus could be compared with respect to hph mRNA content. As shown in Fig. 2A , the levels in the viral pellets of hph mRNAs containing nucleotides Ϫ151 to 1560 or nucleotides 215 to 739 were very similar to each other (for ease of comparison, the values are all normalized to that of hph 215-739). They were nearly 1,000 times higher than that of hph mRNA lacking a viral insert in its 3Ј UTR (no ). In turn, the level of this Ϫ mRNA in the pellet was Ϸ30-fold higher than that in a "mock" pellet from culture fluid of cells that were not expressing MLV Gag (data not shown). These two controls provide strong evidence that the hph RNAs in the pellets are associated with virus particles rather than with cell debris and that they are packaged in the particles in response to their sequences. In addition, they show that extensions either 5Ј or 3Ј of the core 215 to 739 sequence have no significant effect on the packaging of hph mRNA. Packaging of hph mRNAs with other viral inserts was also measured here but will be discussed below.
It seemed possible that the differences in encapsidation of the hph mRNAs were really due to differences in the steadystate level of these RNAs within the cells. To test this possibility, we performed an additional experiment in which we measured the levels of these RNAs in lysates of the cells from which the virus particles were produced. Figure 2B shows the normalized amounts of hph mRNA in the virions and also the efficiency of encapsidation (the level in the virions divided by the level in the cell lysate). We found that their levels in the different lysates were virtually identical; this is evident from the fact that, for each construct, the normalized value for efficiency is very similar to the normalized packaging level.
We also compared the levels of hph RNA in virions with the levels of MLV genomic RNA. Cells expressing hph mRNA with the Ϫ151 to 1560 insert were transfected with Ϫ or ϩ MLV proviral clones. Virions produced by these cells were collected, and their RNA was analyzed by real-time reverse transcription-PCR. As shown in Fig. 2C , the RNA preparations from the particles produced from either ϩ or Ϫ MLV contained Ϸ4 ϫ 10 7 to 6 ϫ 10 7 hph (Ϫ151)-1560 RNA molecules per ml of culture supernatant (the copy numbers have been corrected for small differences in the amount of virus in the different preparations, as described in Materials and Methods). In contrast, the MLV genomic RNA in the virions produced by ϩ MLV was present at Ϸ6 ϫ 10 8 copies of MLV genomic RNA per ml of culture supernatant. This value is similar to that present in an MLV preparation containing no hph RNA (mock hph) and Ϸ50-fold higher than that in the virus preparation made with Ϫ MLV. As shown in the figure, the packaging of hph mRNA with the (Ϫ151)-725 insert was very similar to that observed with the (Ϫ151)-1560 insert. Thus, while sequences cause the encapsidation of hph mRNA molecules, the amounts of these RNAs packaged are significantly lower than that of MLV genomic RNA. These results are in contrast with those obtained with neo mRNAs by Adam and Miller (1) , who reported that their mRNAs were packaged to the same extent as viral RNA; we do not know the reason for this difference.
It is interesting (Fig. 2C ) that the MLV and hph RNAs do not appear to be in significant competition with each other for inclusion in virions, since nearly as much hph RNA is packaged by ϩ MLV RNA as by Ϫ MLV RNA. Conversely, the level of ϩ MLV RNA is not significantly affected by the presence of hph RNA; hph packaging also had no detectable effect on the level of Ϫ MLV RNA (data not shown). We also analyzed the encapsidation of RNAs containing chimeric sequences, derived partly from MLV and partly from the MSV 124 isolate of MSV, as previously described by Adam and Miller (1) . These RNAs included hph MSV, which is identical to the ϩ RNA described by these authors except that the viral insert is 32 nucleotides shorter at its 3Ј end and neo has been replaced by hygro, and a retroviral vector, pLXSH, which contains hph and the same sequence as hph MSV (42) . Unlike hph MSV, however, pLXSH RNA is an authentic retroviral genome, containing all of the cis-acting sequences required for the retroviral replication cycle and containing its sequences in their normal locations near the 5Ј end of the RNA rather than in ithe 3Ј untranslated region.
As shown in Fig. 2D , the packaging of pLXSH RNA was approximately the same as that of hph MSV. In addition, we measured the packaging of hph 215-1006 RNA, which is identical to hph MSV RNA except for the divergence between MSV and MLV (discussed below). This RNA was also packaged to the same extent as hph MSV. The levels of all of these RNAs in the virus particles were Ϸ10-fold lower than that of MLV genomic RNA. Thus, the deficiency in encapsidation of hph mRNAs that contain packaging signals, relative to MLV genomic RNA, does not appear to be due to the unusual configuration of these RNAs, in which is in the 3Ј untranslated region.
We also measured the steady-state levels of these RNAs in virus-producing cells. We found that these hph-containing RNAs were actually more abundant in the cells than MLV genomic RNA, as indicated in Fig. 2D by the fact that the efficiency of encapsidation of the latter was at least 10-fold higher than that of the hph-containing RNAs. It should be noted that this experiment was performed by transiently cotransfecting 293T cells with Ϫ MLV plasmid and the hph expression plasmid (or wild-type MLV plasmid). Under these conditions, we expect that both plasmids will be taken up by the same cells, so that efficiencies of encapsidation of hph RNA and MLV RNA can be compared directly. These results indicate that the relative deficiency in packaging of the hphcontaining RNAs is not due to their scarcity in the cell.
hph mRNAs are packaged as dimers. It was of considerable interest to determine whether -containing mRNA molecules in virions are, like authentic viral RNAs, held in a dimeric linkage. We therefore extracted RNA from particles formed by transfection of either Ϫ or Ϫ PR Ϫ MLV into cells containing hph mRNA with the large [(Ϫ151)-1560] MLV insert and analyzed it by electrophoresis under nondenaturing conditions. Lanes 15 and 22 of Fig. 3A show the results obtained by Northern analysis with an hph probe. It can be seen that the hph-reactive RNA species migrated as a very diffuse band (labeled DD for diffuse dimer) under these conditions. We also heated these RNA preparations to different temperatures before electrophoresis; the results are shown in Fig. 3, lanes 16 (Fig. 3, lanes 16 to 19) migrated slightly more rapidly, as a broad but discrete band (labeled D for dimer), after exposure to 50°C. As the RNA was incubated at progressively higher temperatures, an increasing fraction of it was converted to a discrete, rapidly migrating, band. The mobility of this band corresponds to a molecular size of Ϸ3 kb (determined by comparison to a standard curve [not shown] with RNA markers of known lengths on the same gel). Finally, when the preincubation temperature was raised to 60°C (Fig. 3,  lane 20) , nearly all of the hph RNA was shifted into this band. Exposure to 65°C produced no further change in this pattern. The data suggest that hph mRNA is packaged as a dimer; in turn, this dimer may be part of a larger complex (the very diffuse material seen in the unheated sample [Fig. 3, lane 15]) ; alternatively, the dimers may be heterogenous in mobility because they are in a variety of different conformations. Incubation at 50°C disrupted the larger complex (or reduced the conformational heterogeneity of the dimers), revealing the dimer band; incubation at higher temperatures causes the dissociation of the dimer to the 3-kb hph mRNA monomer.
The effects of heat on the hph mRNA encapsidated in mature particles by Ϫ PR ϩ MLV are shown in lanes 23 to 28 of Fig. 3A . In this case, heating to temperatures as high as 57.5°C (Fig. 3A, lanes 23 to 26) had no significant effect on the broad, heterodisperse hph RNA pattern. However, when the RNA was exposed to 60°C (Fig. 3A, lane 27) , it was abruptly shifted to the 3-kb band. Incubation at 65°C (Fig. 3A, lane 28) produced the same pattern as at 60°C.
For comparison with these results, we also monitored the dissociation of the dimers of MLV genomic RNA extracted from ϩ PR Ϫ and ϩ PR ϩ particles. As can be seen in Fig. 3A , lanes 1 to 7, MLV RNA from PR Ϫ particles migrated as a discrete band after exposure to 37°C (Fig. 3A, lane 1) ; incubation at temperatures between 50 and 57.5°C (Fig. 3A , lanes 2 to 5) caused the shift of progressively increasing amounts of this RNA into a new band migrating considerably faster than that seen in the 37°C sample. This shift represents the conversion of immature dimeric RNA into monomeric RNA; the conversion was complete by 60°C (Fig. 3A, lane 6) , and the monomer band was unaffected by a further increase in temperature to 65°C (Fig. 3A, lane 7) .
MLV RNA extracted from PR ϩ particles (Fig. 3A, lanes 8 to  14) showed a somewhat different dissociation pattern. In this case, the dimers were not significantly dissociated until the temperature was raised to 55°C (Fig. 3A, lane 11) . However, they were completely converted to monomers by incubation at 60°C (Fig. 3A, lane 13) ; again, increasing the temperature to 65°C had no additional effect on these monomers (Fig. 3A,  lane 14) . This difference in the thermostability of MLV RNAs from PR Ϫ and PR ϩ virions is in good agreement with our earlier findings (26) .
The appearance of monomeric RNAs as a result of stepwise increases in temperature is shown graphically in Fig. 3B . It is striking to compare the effects of progressive increases in temperature on encapsidated hph RNAs with those on MLV RNAs. When either hph or MLV RNAs were extracted from immature virions, they were partially converted to free monomers by temperatures as low as 50°C, and further increases in temperature raised the proportion of monomers; the conversion to monomers was complete at 60°C. In contrast, RNAs from mature virions were largely unaffected by heat until the temperature was raised to 55°C (genomic RNA) or 57.5°C (hph RNA); they were then converted relatively abruptly to monomers. The congruence of the responses of hph and MLV RNAs to heating is strong evidence that the hph RNAs in virions are joined in a dimeric linkage similar or identical to the normal linkage of MLV genomic RNAs. In some, but not all, experiments, a discrete dimeric species of hph RNA was seen after exposure of the RNA to intermediate temperatures (for example, see Fig. 3A, lanes 16 to 19, and Fig. 5A below) .
Dimeric linkage in encapsidated hph RNA is a function of the viral insert. The dimeric RNAs of different gammaretroviruses differ from each other in thermostability. Thus, the dimers of HaSV genomic RNA are quite stable, with little if any difference between HaSV dimers from immature virions and those from mature virions (21) . We therefore inserted nucleotides (Ϫ151)-942 of HaSV into the 3Ј UTR of hph mRNA. We found that, as in Fig. 3 , the encapsidated hph mRNA migrated as a diffuse band upon electrophoresis under nondenaturing conditions, but was converted to a monomer upon heating (data not shown). Quantitation of the appearance of the monomeric band, along with quantitation of dissociation of authentic HaSV genomic dimers, led to the results shown in Fig. 4A . It can be seen that the complexes containing hph mRNA with the HaSV insert exhibited the same thermostability as dimers of HaSV genomic RNA. The complexes isolated from immature and mature virions had similar or identical thermostabilities; both were more thermostable than those with MLV sequences in their 3Ј UTR (Fig. 4B) .
We also tested the state of hph MSV RNA containing a chimeric insert derived partly from MLV and partly from MSV ( Fig. 2) following isolation from immature and mature virions (1). We found that this mRNA was in complexes that were extremely thermostable (Fig. 4C) ; as with HaSV, there was little if any difference in stability between the complexes from immature and mature virions. The figure shows that these properties were specifically conferred on the mRNA by the MSV insert, since the corresponding nucleotides from MLV (nucleotides 215 to 1006) yielded far more fragile dimers, in which virus maturation induced significant stabilization. Similar properties, i.e., very high thermostability, with no detectable stabilization associated with virus maturation, were also observed in the dimeric RNAs of the pLXSH vector (Fig. 4C) , which contains the same chimeric region as hph MSV.
Packaging and dimerization of hph mRNAs containing truncated MLV inserts. We also analyzed the effects of a limited number of 5Ј and 3Ј truncations of the MLV sequence on the packaging of hph mRNAs. We found ( Fig. 2A) that truncation of the insert from nucleotides 215-739 to nucleotides 215-404 reduced the level of hph mRNA in virions about 10-fold. In addition, we analyzed the dimeric linkages in hph mRNAs containing truncated inserts. One example of these results is shown in Fig. 5A . It can be seen that dimers of hph (Ϫ151)-725 mRNA are significantly more thermostable than those of hph 215-739 mRNA following isolation from immature virions. These data imply that sequences between nucleotides Ϫ151 and 215 contribute to the stability of immature dimers.
In all cases in which hph mRNAs were extracted from PR ϩ particles, they were found to be packaged as dimers; as shown in Fig. 5B , these dimers all had rather similar thermostabilities, although dimers whose inserts began at nucleotide Ϫ151 appeared to be slightly more stable than those beginning with nucleotide 215 or 280. In contrast, there were distinct differences in the stabilities of the dimers isolated from PR Ϫ particles. It was found that immature dimers formed by nucleotides 215-739 were somewhat labile. Immature dimers containing either nucleotides (Ϫ151)-725 or nucleotides 215-1006 ( Stem-loop B is crucial for the stability of immature dimers but not mature dimers. As noted above, one of the elements thought to contribute to retroviral dimerization is the kissing loop (nucleotides 278 to 303, also referred to as stem-loop B of MLV RNA). We generated an hph mRNA containing MLV nucleotides 215 to 507 but with a deletion of nucleotides 290 to 305. As shown in Fig. 2A , the deletion reduced the encapsidation of the RNA Ϸ5-fold. When the RNA was encapsidated by PR ϩ MLV, it was present in dimers with the same thermostability as that of control hph mRNAs containing stem-loop B (Fig. 6 , upper curves, and Table 1 ). However, when it was packaged by PR Ϫ MLV, less than half of the hph RNA lacking stem-loop B was dimeric, even without heating above 37°C (Fig. 6 , lower curves, and Table 1 ). (The percent initial dimer values for this RNA shown in Table 1 have relatively large standard deviations, so that one might doubt the significance of the effect of the deletion. However, in each individual experiment, there was a significant difference between the percent initial dimers of the deleted and undeleted RNAs.) Thus, nucleotides 290 to 305 (i.e., the deleted bases) are evidently crucial for the stability of the immature dimeric linkage but not the mature linkage.
DISCUSSION
The results presented here can be briefly summarized as follows. First, hph mRNA molecules containing large inserts from the 5Ј end of MLV-related genomes in their 3Ј UTR are packaged by MLV Gag, as previously reported by others for neo mRNAs. However, our measurements show that the level of these mRNAs in the virions is only Ϸ7 to 10% of that of genomic RNA (Fig. 2C) . Second, the hph mRNAs are apparently packaged as dimers; the thermostabilities of these dimers indicate that the monomers are joined by the same linkage as that in dimers of the genomic RNA from which the insert was derived. Thus, mRNA molecules containing HaSV-or MSVderived inserts have a considerably more stable dimeric linkage than those containing MLV inserts. While the dimers formed from MLV-derived sequences are significantly stabilized upon virion maturation, those from HaSV or MSV sequences are not. Third, elimination of stem-loop B (the kissing loop) from the hph mRNA insert dramatically weakens the linkage between the mRNAs in immature virions but has little effect on its stability in mature virions. Fourth, sequences between nucleotides 280 and 404 of MLV RNA are sufficient for the formation of mature dimers with nearly the same stability as those of genomic RNA. In turn, these data have several important implications concerning the packaging and dimerization of retroviral genomic RNAs.
Packaging of nonviral mRNA molecules containing /DLS sequences. We found that MLV sequences between nucleotides 215 and 739 are sufficient to increase the encapsidation of hph mRNA nearly 1,000-fold over background packaging ( Fig.  2A) but still Ϸ10-to 15-fold less than MLV genomic RNA (Fig. 2C) . One explanation for this deficit in packaging of these mRNAs could be that the great majority of hph mRNA molecules are sequestered in polyribosomes, unavailable for incorporation into nascent virions. Another possibility is that a sequence in the 3Ј UTR of an mRNA is less effective for encapsidation than the same sequence placed near the 5Ј end of an RNA molecule, as in genomic RNA. However, the fact that pLXSH genomic RNA is also packaged Ϸ10-fold less than MLV genomic RNA (Fig. 2D) suggests that neither of these hypotheses is correct. It is also conceivable that hph sequences (unlike neo sequences) (1) inhibit encapsidation, perhaps via long-range interactions with the moiety of the chimeric mRNA. Finally, MLV genomic RNA may contain additional sequences, located outside the 5Ј end region, that contribute to efficient encapsidation. We also noted that removal of nucleotides 404 to 739 from hph 215-739 reduced encapsidation Ϸ10-fold (Fig. 2A) ; thus, nucleotides 215 to 404 increase the packaging of hph mRNA Ϸ50-fold above the background. This is quite consonant with the fact that deletion of nucleotides 212 to 563 from genomic RNA reduces its packaging 50-to 100-fold (Fig. 2C) (54) .
mRNA molecules containing /DLS sequences are encapsidated in pairs. The fact that the encapsidated hph mRNAs are in dimers even when the majority of particles do not contain them (Fig. 2C) is strong evidence that they are incorporated into virions in pairs rather than independently of each other. One simple explanation for this result is that packaging of -containing RNAs depends upon their dimerization; this would be in accord with previous suggestions (10) that some dimeric structure is an element of the packaging signal. Sakuragi and colleagues (58) recently described elegant experiments with human immunodeficiency virus type 1 whose results lend support to this proposal. Sequences near the 5 end of the MLV genome are sufficient for the normal immature and mature dimer linkages. This basic conclusion is quite consistent with earlier electron microscopic localization of the mature linkage (7, 8, 31, 37, 47) . To our knowledge, however, this is the first information to be presented concerning the locus of the immature dimer linkage. This linkage is of particular interest because genomic RNAs are, presumably, normally packaged as immature dimers; it is the immature linkage which may be part of the packaging signal.
The MLV region (extending approximately from nucleotides 215 to 563) contains three conserved stem-loops: stemloop B (the putative kissing loop, comprising nucleotides 278 to 303) and stem-loops C and D (nucleotides 310 to 352 and 355 to 374, respectively) (Fig. 1A) . The loops of stem-loops C and D both consist of the sequence GACG; a pair of stemloops with this loop sequence are conserved throughout the gammaretroviruses (36) , and these stem-loops are important elements in the encapsidation signal (6, 23, 43, 44, 66) . A more proximal stem-loop, termed stem-loop BЈ, is present at nucleotides 204 to 228; like stem-loop B, this stem-loop could engage in loop-loop base-pairing interactions (48) . Studies with transcripts have supported a role for stem-loop B in dimer formation (27) ; significantly, stem-loops C and D also contribute to the dimerization of MLV transcripts (16) and can independently form a remarkably stable dimer involving pairing between the CG portions of the GACG tetraloops (18, 34) . In addition, stem-loop BЈ has been reported to contribute to the dimerization of MLV transcripts (40, 48) and, in combination with stem-loop B, to the stability of mature MLV dimers (40) .
One advantage of the experimental system used in the present work is that the viral sequences do not perform any known function in the hph mRNAs and can thus be varied at will. We exploited this property by making a series of truncations of the viral inserts. The truncations removed sequences from either side of the core region (nucleotides 215 to 739 of MLV) and also eliminated sequences within this region. We found (Fig. 5B ) that extension of this region in the 5Ј direction from nucleotide 215 to Ϫ151 slightly increased the thermostability of the linkage between hph mRNAs extracted from mature virions. Therefore, sequences within this 5Ј region (which includes stem-loop BЈ) evidently make a small but significant contribution to the stability of mature dimers or can independently form a linkage that is slightly more stable than that formed in the core region.
We also found (Fig. 5B ) that an extension on the 5Ј side (to nucleotide Ϫ151) of the core sequence is required for the normal stability of the mRNA dimers from immature particles. Again, this result is consistent with the possibility that stemloop BЈ contributes to the stability of immature MLV dimers. Similarly, extension of the insert from nucleotides 739 to 1006 increases the stability of immature dimers (Fig. 4C) ; thus, sequences 3Ј of the core can also enhance the stability of these dimers.
It should be noted that the correspondence between the dissociation temperature of the hph dimers and genomic RNA dimers suggests that the viral inserts in the hph RNAs are the site of the strongest linkage in genomic dimers. However, there may well be other, weaker linkages elsewhere in genomic RNAs, as suggested by Ortiz-Conde and Hughes (49) . Indeed, the results of Tchenio and Heidmann (63) lend strong support to this idea.
Kissing loop is essential for the immature but not the mature dimer linkage. We also found that a deletion eliminating stem-loop B dramatically reduced the stability of the mRNA dimers extracted from immature virions. This result suggests that base-pairing between the palindromic stem-loop B loops in the two monomers is important in the immature dimeric linkage. However, it is striking that the mRNAs containing this deletion must still be packaged in pairs, since they form dimeric linkages with normal thermostability when the particle undergoes maturation (Fig. 6, Table 1 ). Therefore, the linkage responsible for the pairwise coencapsidation of /DLS-containing RNAs is independent of stem-loop B; the linkage that gives mature dimers their stability also does not require stemloop B.
One hypothesis that is consistent with all these results is that Gag proteins normally select dimers for encapsidation. These dimers could be formed by intermolecular base-pairing between one or both of the GACG loops (18, 34) . While pairing between the stem-loop B loops and/or stem-loop BЈ loops might lend additional stability to these hypothetical preimmature dimers, it is not necessary for their formation. We also found that stem-loop B is not absolutely necessary for encapsidation but does enhance the level of RNA packaged ( Fig.  2A) . It is striking to note that that MLV NC protein binds with high affinity to an RNA comprising stem-loops B, C, and D but not to RNAs containing only two of them (18) .
Presumably, the stabilization in RNA dimers accompanying maturation represents the formation of a structure containing more intermolecular base pairs than the immature dimer. The available data do not allow us to identify these base pairs, but the sequences within the core MLV region can be folded in silico into remarkably extensive base-paired structures. Two of these potential linkages are shown in Fig. 7 below.
Dimers formed from HaSV or MSV sequences differ from MLV dimeric RNAs. It would also be of interest to understand the RNA dimers formed by HaSV-and MSV-derived inserts. In both of these cases, there is little if any difference in the thermostabilities of dimers from immature particles and those from mature particles. This suggests that in MSV and HaSV, there is no kinetic trap arresting dimerization at an intermediate stage until free NC is available in the mature virion, as is seen with MLV, human immunodeficience virus type 1, and avian retroviruses. Figure 8 shows sequence alignments between the putative /DLS regions of MSV (Fig. 8A) and HaSV (Fig. 8B) and that of MLV. As pointed out previously (32, 53) , there is very little sequence divergence between MLV and MSV except that nucleotides 408 to 458 of MLV are replaced in the MSV genome by nucleotides 408 to 439. (This MSV-specific sequence is closely related to the murine VL30 sequence BVL-1 [GenBank accesssion no. X17124] [32] .) In contrast, there is almost no sequence similarity between the HaSV and MLV sequences (beyond the 5Ј-terminal Ϸ220 nucleotides, which are derived from MLV, as is the 3Ј end of the genome) (12, 19) , except for HaSV nucleotides 289 to 320 and 329 to 351, which closely resemble MLV nucleotides 309 to 340 and 349 to 371, respectively: these are stem-loops C and D, each crowned by a GACG tetraloop. It is remarkable that the HaSV sequence, with so little identity to that of MLV, is encapsidated efficiently by MLV Gag proteins; this observation again highlights the importance of stem-loops C and D in encapsidation, although HaSV and MLV RNAs may well have additional resemblances in three-dimensional structure that are not evident in sequence alignments.
Inspection of the MSV-specific sequence does not yield any obvious answers to the questions of why these RNAs form very stable dimers or why, unlike MLV, they form stable dimers even in immature particles. However, it is interesting that a 40-base stretch containing the MSV-specific replacement (MSV nucleotides 402 to 441) contains extensive self-complementarity (Fig. 7) . This could lead to intermolecular base-pairing; the structure has a single large bulge and several smaller bulges and contains 18 G:C and 10 A:U base pairs in a total length of 40 bases. The corresponding region in MLV (MLV nucleotides 401 to 440) is also part of a very long imperfect palindrome and could form an intermolecularly base-paired structure containing 16 G:C and 16 A:U base pairs (see Fig. 7 ).
We previously noted (21) that HaSV RNA can potentially form a stem-loop consisting of nucleotides 205 to 226 and that the loop sequence in this stem-loop, GGCC (nucleotides 213 to 216), is a palindrome. (This hypothetical stem-loop would have a bulge at nucleotides 220 to 221. Rasmussen et al. [52] concluded, on the basis of structure probing of HaSV transcripts, that the stem actually comprises nucleotides 204 to 232, with a bulge between nucleotides 220 and 226.) This structure could well be a kissing loop and serve as an initiation site for dimerization; in fact, replacement of G with A at nucleotide 217 drastically impairs dimerization of HaSV-derived transcripts (64) . In addition, the bulge might destabilize the stem, so that the kissing complex is spontaneously converted to an extended dimer structure, without the need for virus maturation or free NC protein. Indeed, Kolb et al. have shown that bulged residues can destabilize stems, so that loop-loop helices can proceed to more stable structures (35) . The doublestranded region in this extended dimer, in which nucleotides 205 to 219 of one strand are paired with nucleotides 210 to 226 of the other, would contain 12 G:C and two A:U base pairs, with only a single two-base bulge in one of the strands (shown in Fig. 7) . It is interesting that this HaSV stem-loop is in the same position as stem-loop BЈ of MLV (MLV nucleotides 204 to 228).
We also observed that hph mRNA is significantly more abundant in cell extracts than MLV genomic RNA, despite the fact that it is packaged to a significantly lower extent than the latter (Fig. 2D) . The relative inefficiency of ϩ hph mRNA packaging might suggest that some MLV genomic RNA molecules are somehow protected from incorporation into polyribosomes, so that they are available for encapsidation into nascent virions. This would be in agreement with an earlier proposal by Levin and Rosenak (39) .
It is interesting to compare our results with those of prior studies. We found that the mRNAs and MLV genomic RNA do not significantly compete with each other for encapsidation, since the level of hph mRNA was virtually unaffected by rescue with wild-type rather than -genomic RNA, and conversely, packaging of hph mRNA did not reduce the level of viral RNA (Fig. 2C) . Similar results were reported by Adam and Miller (1) and, in analogous experiments in an avian system, by Linial and colleagues (2, 3) .
We also found that deletion of stem-loop B from hph mRNA reduces its encapsidation (Fig. 2A) ; however, when the deleted RNAs are isolated from mature virions, they are in dimers with the same stability as the intact control RNAs (Fig.  6 , Table 1 ). Several studies have shown that the deletion or alteration of the kissing loop from human immunodeficiency virus type 1 genomic RNA has analogous effects, reducing packaging to some extent without affecting the stability of the mature encapsidated dimers (9, 13, 38, 50) . Another laboratory reported an effect of a kissing loop deletion on the stability of mature dimers (30) . To our knowledge, however, no data have been presented on the properties of immature human immunodeficiency virus type 1 dimers containing these mutations. In addition, studies with avian retroviruses show that the analogous structure (the L3 stem-loop) is not absolutely required for encapsidation or replication, although the palindromic loop does confer a moderate selective advantage (4, 5, 17) .
In summary, we have found that insertion of the -DLS region from MLV-related viruses into a nonviral mRNA is sufficient for encapsidation of this mRNA in dimeric form. This result is a genetic demonstration that the most stable dimeric linkage in RNAs of MLV-related viruses is in this region of the RNA. This conclusion is consistent with prior work on mature dimers but is the first evidence that the most stable linkage in immature dimers is also in this region. It should be possible to extend this experimental approach to the analysis of dimeric linkages to the single-nucleotide level.
